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A crotonyl-CoA reductuse (EC 1.3.1.38, acy1-CoA:NADP* irani-2-oxidoreduetaxe) catalyzing the 
concision of crotonyl-CoA to butyryl-CoA has been purified and characterized from Streptomyces colli- 
nus. This enzyme, a dimer with subunils of identical mass (48 kDa), exhibits a K„ - 18 uM for orotonyl- 
CoA and IS uM for NADPH. The enzyme was unable to catalyze (he reduction of any olheT enoyl-CoA 
thioesters or to utilize NADH as an electron, donor. A highly effective inhibition by straight-chain fatty 
acids (*i = 9.5 idvl for palmitoyl-CoA) compared with branched-chain fatty acids (tfi>400 uM for iso- 
palmitoyl-CoA) was observed. All of these properties are consistent willi a proposer! role of the enzyme 
in providing hutyryl-CoA as a starter unit lor straight-chain fatty acid biosynthesis. The crotonyl-CoA 
reductase gene was cloned in Escherichia coli. This gene, with a proposed designation otccr, is encoded 
in a 1344-bp open reading frame which predicts a primary translation product of 448 amino acids with a 
calculated molecular mass of 49.4 kDa. Several dispersed regions of highly significant sequence similarity 
were noted between the deduced amino acid sequence and various alcohol dehydrogenases and fatty acid 
synthases, including one region that contains a putative NADPH binding site. The ccr gene product was 
expressed in E. coli and the induced crotonyl-CoA reductase was purified tenfold and shown to have 
similar steady-state kinetics and electrophorelic mobility on sodium dodecyl sulfate/DolyacryJamide to 
the native protein. 
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Butyryl-CoA functions as an important building block in 
secondary metabolite formation. For example, Streptomyces hy- 
groscopicus produces the immunosuppressant ascomycin con- 
taining a butyrate-derived moiety, which distinguishes it from 
the related compounds FK506 and FK523 which contain a pen- 
tcnoate-derived and a propionate-dcrived unit, respectively, at 
the same structural position (Byrne et al., 1993; Tanaka et al., 
1987; Hatanaka et al., 1988). Similarly, a butyrate-derived moi- 
ety differentiates the polyether antibiotic uionensin A, produced 
by Streptomyces cinnamonensiu from monensin B which con- 
tains a propionate-derived moiety nl the same structural position 
(Pospisil et al., 1983). 

In secondary -metabolite-producing organisms, evidence for 
two pathways of butyryl-CoA formation have been presented 
(Pig. 1). One pathway involves isomerization of the valine ca- 
tabolite isobutyryl-CoA to form butyryl-CoA. This pathway has 
been observed in the formation of monensin A (Pospisil et al., 
1983; Reynolds et al., 1988), tylosinfRczanka et ol., 1988), leu- 
comycin (Omura et al., 1983) and PK520 (Byrne ct al., 1993). 

Correspondence to K. A. Reynold*, School of Pharmacy, University 
of Maryland at Baltimore, Baltimore. MD 21201, USA 
Fax: H 410 706 0346, 
Abbreviation. ORF, open reading frame. 

Enzyme. Crolooyl-CoA reductase, acyl-CoA :NADP' inw-2-oxi- 
doreducuse (EC 1.3.U8). 

Note. The novel nucleotide sequence data published here have been 
submitted to the GenBank and European Bioinfcrmarici Institute (EB) 
sequence data bank and are available under the accession number 
037133. 



suggesting that this isomerization may be general among strepto- 
mycetes. In monensin A biosynthesis, a series or in vivo and in 
vilrv experiments demonstrated that this isomerization is likely 
a 1,2-vicinal rearrangement which is dependent on coenzyme 
B, 2 (Reynolds et a)., 1988; Brcndelberger et al., 1988). However, 
there have been no reports of the purification and characteriza- 
tion or an enzyme catalyzing this rearrangement, The second 
pathway for butyryl-CoA formation appears to involve the con- 
densation of two acetate units. The in vivo evidence for this 
pathway arises from the observation thai [l-"C]«cetaie is incor- 
porated into the butyrate-derived units of secondary metabolites, 
such as FK520 (Byrne et al, 1993), monensin A (Pospisil et al., 
1983), and elaiophylin (GerliU el al„ 1992). The manner in 
which Ihese bulyrate units for secondary metabolism are derived 
from acetate is unknown although several possible pathways 
have been discussed (Gcrlilz et al., 1992). 

It has recently been shown that bulyrate units (butyryl-CoA) 
are Ihe likely sooner units for straight-chain fatty acid biosynthe- 
sis in Streptomyces collinus and other Streptomyces (Wallace et 
el., 1995). A minor source for formation of this butyryl-CoA is 
from an isomerization of isobutyryl-CoA (Wallace et ul., 1995). 
The pathway which provides Ihe majority of the butyryl-CoA, 
however, has not been determined. On the basis of the secondary 
metabolic studies in stiepiomycetes it seems reasonable to sug- 
gest that this butyryl-CoA may originate from the condensation 
of two acetate units. 

In mammalian mammary glands (Maitrs and Kumar, 1974) 
and Euglena gracilis (Inui et al., 1986). butyryl-CoA used for 
fatty acid biosynthesis is thought to be formed from theconden- 
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sation of two acetyl-CoA molecules. This pathway is apparently 
a reversal of the //-oxidation pathway for fatty acid degradation 
with one exception: the acyl-CoA oxidase (which, converts bu- 
lyryl-CoA to crotonyl-CoA) is replaced by an NADPH-rcquiring 
enoyl-CoA reductase which specifically converts crotonyl-CoA 
to butyryl-CoA (Podack and Seubert, 1974) (Fig. 1). This 
change favors the biosynthetic over the degradative pathway. A 
similar pathway may operate in streptomycetes. An active thio- 
lase has previously been reported in cell-free extracts and 
(NH^SC fra«io»9>!ons of Streptemycss eotlicclor 2nd an 
acetoacetyl-CoA reductase has previously been isolated, also 
from S. coelicolor (Paekter and Flatraan, 1983). A possible role 
of these enzymes in polyfhydroxybutyrate) synthesis has been 
suggested. However, it is also possible thai these enzymes are 
also involved in butyryl-CoA degradation and biosynthesis. The 
key enzyme in this pathway of butyryl-CoA biosynthesis, croto- 
nyl-CoA reductase, however, has not been reported for strepto- 
mycetes. We have located an enzyme in S. collinus which speci- 
fically catalyzes the conversion of crotonyl-CoA to butyryl- 
CoA. Here we report on its purification, characterization and 
regulation, together wilh the cloning, sequencing and expression 
of the corresponding gene in Escherichia coli. 



MATERIALS AND METHODS 

Bacterial strains, bacteriophage, and plasmids, Esche- 
richia coli strain DH5« and plasmid pl)C18 were obtained from 
Life Technologies (Gaithersburg MD). Srrepromyces collinus 
strain Tii 1892 was supplied by Professor H. Ziihner (Tubingen) 
and Professor A. Zeeck (Gbttingen). £. coli strain BL21(DE3), 
and plasmid pET3C were provided by Dr F. W. Studier (Brook- 
haven National Laboratory, New York). 

Bacterial growth conditions for molecular cloning. E. coli 
was grown in liquid Luria-Bertani medium (37 °C and 240 rpm) 
or on solid Luria-Bertani medium (1.5% agar) supplemented, 
when required, with ampicillui (100 ug/ml). Chromosomal DNA 
. was isolated from S. collinus grown at 28°C in yeast extract 
. molt extract medium (Hopwood et al., 1985). 

DNA techniques. DNA manipulations were performed by 
standard procedures for both Streplomyces species (Hopwood et 
al., 1985) and E. coli (Sambrook et al., 1989). Oligonucleotides 
were designed based on known Streplomyces codon usage (Bibb 



et al., 1984; Wright and Bibb, 1992) and w< 
the University of Maryland Biopolynier Laboratory. Contami- 
nating salts in these preparations were removed using a Sepha- 
dex G-50 column. Oligonucleotides were labeled with - 2 P using 
an end-labeling kit (Boehringer Mannheim) following the in- 
structions obtained from the supplier. 

DNA sequencing and analysis. Double-stranded DNA se- 
quencing was performed by the dideoxynucleolide chain-ter- 
mination method adapted for use with T7 DNA polymerase 
(Sequenase; Sanger et al., 1977; Zhang et al., 1988). Parallel 
incubations using dlTP in place of dGTP were used to resolve 
ambiguities resulting from compressions. Computer-assisted 
analysis of the DNA sequences was performed using the pro- 
grams of the Genetics Computer Group (Devereux et al., 1984). 
The BLAST family of programs (Altschul eta!., 1990; Gish and 
States, 1993) was used to compare nucleotide and deduced 
amino acid sequence.? against the public sequence databases. 
Multiple sequence alignments were constructed from the 
MACAW program (Schuler et al., 1989). The probability (P) for 
each local alignment, providing the probability that the match 
is due simply to chance, was calculated according to statistical 
methods developed by Karlin and Altschul (1990, 1993). 

Preparation of thioesters. Coenzyme A thiocslcrs were pre- 
pared using the mixed anhydride method (Fong and Schultz, 
1981). Formation of pantetheine ihiocsters was achieved in an 
analogous manner. The pantetheine was generated by overnight 
(reatmenr of panlerhine (50 mg, 0.09 mmol) with sodium DOrO- 
hydride (4.5 mg, 0.1 18 mmol) in 2 ml water. The A'-acetyicyste- 
amine thioesters were prepared using cyclohexylearhodiimide as 
previously described (Reynolds ct al., 1992). Formation of the 
appropriate thioesters was confirmed by 'H-NMR analysis. 

Enzyme assayx and protein concentrations. A portion of 
the protein solution (10- 200 ul) was mixed with NADPH 
(10 ml of a 10 idM solution). The volume was adjusted to 1 ml 
with buffer A (50 mM potassium phosphate pH 7.5, 1 mM 
EDTA, 1 mM dithioerythritol and 10% glycerol), and the reac- 
tion mixture was equilibrated to 30°C. Crotonyl-CoA (0.1 mM), 
or other enoyl-CoA compounds, were added to initiate the reac- 
tion. Enzyme activity was measured specirophotometrically by 
following the decrease in absorbanee at 340 nm which corres- 
ponded to the oxidation of the nicotinamide cofactor. A unit 
(U) of enzyme activity is the amount of enzyme catalyzing the 
oxidadon of 1 umol NADPH/min, For kinetic studies, assays 
were conducted at least in duplicate for each dala point. Saturat- 
ing conditions of non-varied substrates were present in all assay 
mixtures. Protein concentrations were delennioed using the 
assay of Bradford (1976) with BSA as a standard. 

Inhibition studies. Inhibition studies with divalent metal 
ions and thiol-blocking groups were conducted in a buffered so- 
lution of 50 mM Tris/HCl pH 6.5 and 10% (by vol.) glycerol. 
In these studies, the enzyme was incubared (5 min) wilh a 1 mM 
concentration of the metal prior to the addition of NADPH and 
substrate. 

Inhibition by long-chain acyl-CoA compounds was con- 
ducted by incubating the enzyme (2 min) in the presence, of (he 
acyl-CoA inhibitor and NADPH The reaction was initiated by 
the addition orcrotonyl-CoA. 

Determination of molecular mass of crotonyl-CoA. reduc- 
tase. The native molecular mass of the enzyme was determined 
using gel exclusion chromatography as previously described 
(Reynolds et al., 1992). The apparent submit mass was deter- 
mined by SDS/PAGE with a 12.5% polyacrylamide ge | 
(Laemmli, 1970) wilh the following molecular mass markers 
(Sigma Chemical Company): bovine albumin (66kDa). egg al- 
bumin (45kDa), glyceraldehyde-3-phosphate dehydrogenase 
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(36 kDa), carbonic anhydruse (29 kDa), tripsinogen (24 kDii). 
trypsin inhibitor (20.1 kDa) and /Mactalbumin (14.2 JtDa). 

Growth of S. eollinus for the harvest of crolunvl-CoA re- 
ductase activity. Seed cultures were prepared by transferring 
the spores from one slant to a 500-ml flask containing 100 ml 
medium A which contained 20 g soybean meal (full fat) and 
20 g mannitol in I I tap water (pll 7.2) After incubation at 30°C 
and 2X0 rpm for 48 h, 4-0 ml of the seed culture was transferred 
to a 2-1 flask containing 400 ml medium A. After 24 h, cultures 
were harvested for enzyme activity by centrifuging at 10000x# 
in a Beckinan model J2-21 centrifuge. The supernatant was dis- 
carded and the cells were washed with buffer A. Cells were 
pelleted by centrifugation, and the washing step was repeated. 
The wet cell paste was frozen at -70°C until needed. 

Purification of crolonyl-CoA reductase. £ eollinus cells 
(600 g) were rapidly thawed in 320 ml buffer A containing 
0.1 mM phenylmcthylsulfonyl fluoride. The resulting cell sus- 
pension was ptissed through a French pressure cell (Aminco) at 
80-100 MPa. This suspension was centrifuged at 30000X* and 
4°C for 30 min. The supernatant was collected and the pellets 
of cellular debris were washed again with the same buffer. The 
combined supernatant* afforded a cell-free extract (670 ml) 
which was loaded onto a DEAE-cellulose column (5.5X23 cm) 
that was subsequently washed with two column volumes or 
buffer A. The protein was eluted using a linear 1-1 gradient of 
0-t M KC). Active fractions containing crolonyl-CoA reduc- 
tase activity eluted as a broad peak centered between 200- 
300 mM KC1. The active fractions were combined (110 ml), 
made up to 25% saturation with ammonium sulfate and stirred 
overnight with phenyl-Sepharose. The resin was Washed with 
400 ml buffer A containing 25 % saturation of ammonium sul- 
fate. Protein was eluted from the resin by successive washes 
(100-150 in!) of buffer A containing 20%, 15% and 10% am- 
monium sulfate saturation. The active fractions, which eluted in 
the 15% and 10% ammonium sulfate washes, were combined 
to yield 5I0ml of protein solution. The volume was reduced to 
37 ml by ultrafiltration through an Amicon PM10 membrane. 
This protein solution was divided into two aliquots and purified 
further using a Sephadex G-100 column (3X41 cm). Active frac- 
tions (83 ml) were combined, and guanidine was added to a con- 
centration of 10 mM. The volume of the solution was reduced 
lo 33 ml and loaded onto a DEAE-cellulose column 
(1.2X8.5 cm). The column was washed with 12 ml buffer A and 
developed using a 90-ml linear gradient of 0-450 mM KCI at 
a flow rate of 0.2 ml/min. The active fractions eluted as a peak 
centered around 270 mM KCI. These fractions (16 ml) were 
combined, diluted to 180 ml with Buff er A and reduced in vol- 
ume to 31 ml by ultrafiltration through an Amicon PM10 mem- 
brane. Following volume reduction, guanidine wis added to a 
concentration of 10 mM. The resulting solution was applied to 
a Pharmacia Mono Q HR 5/5 column. Following washing of the 
column with 15 ml buffer A, the protein was eluted with a 90- 
ml linear gradient of 0- 450 mM KCI at a How rate of 0.15 ml/ 
min. Trie active fractions (2.8 ml), which eluted as a peak cen- 
tered around 215 mM KCI were pooled and ammonium sulfate 
was added to 40% saturation. This protein solution was loaded 
onto a Pharmacia phenyl-Supero.se HR 5/5 column. The protein 
was eluted with a 90-ml linear gradient of 40-25 % ammonium 
sulfate at a flow rate of 0.15 ml/min. The crotonyl-CoA reduc- 
tase (2.7 ml) eluted in a narrow peak at 27% ammonium sulfate 
saturation. 

Amino acid microsequenclng. Purified crolonyl-CoA re- 
ductase was subjected to electrophoresis through a 12.5% poljr- 
acrylamide gel containing 0.1 % SDS and transferred lo apolyvi- 
nylidenc difluoride (Immobilon) membrane (Matsudaira, 1987). 
The enzyme, located by staining with Coomassie blue, was ex- 



cised and used for amino acid micmsequence analysis (courtesy 
Dr W. Lane, Harvard University). 

Cloning the 5. eollinus crotonyl-CoA reductase gene. A 
nnndegencraic 60-basc oligonucleotide probe (5'-ACCGTCAA- 
GGACATCCTGGACGCCATCCAGTCCAAGOACGCCACCT- 
CCCCCGACTTCGCC-3') thai would likely encode the TVKD- 
ILDAIQSKDATSADFA peptide .sequence of crotonyl-CoA re- 
ductase was designed and synthesized. This oligonucleotide 
probe was end-labeled lo a specific activity of greater than 
10'cpm/ug and used in an overnight Souihem hybridization 
(Southern, 1975) at 65 "C with S. eollinus DNA that had been 
digested with various restriction endunucleuses. The hybridiza- 
tion buffer conlained 0.9 M NaCI and 0.09 M sodium citrate. 
Post-hybridization wash procedures were performed according 
lo standard protocols (Sambrook el al., 1989). A single 7-kb 
HamHl fragment was identified. Fragments belweeu 5—8 kb 
from a BamHl digestion of 5. eollinus DNA were then collected 
from a 0.7% agarose gel by electroeluiion and cloned into 
pUC18. The resulting construct* were transformed into E. coli 
•and a colony which harbored a plasmid pZYB2 (containing a 
6.9-kb insert which hybridized to the "P-labeled nondegeneralc 
60-base oligonucleotide probe for crotonyl-CoA reductase) was 
detected hy colony hybridization (Sambrook et al., 1989). 

Construction of the crotonyl-CoA reductase overpro- 
duccr E. coli BL21(DE3)/pZYB3. PCR was used lo amplify 
the entire crotonyl-CoA reductase gene from pZYB2. One 
primer whs a 25-basc oligonucleotide containing a Ndel restric- 
tion site (underlined) and the first four codons of the crotonyl- 
CoA reductase gene, including the start codon (bold): 5'- CCG- 
GAGGCAACAIAUiACCGTGAAG-3'. The second primer 
was a 23-base oligonucleotide containing a BamHl restriction 
site (underlined) and the complementary sequence correspond- 
ing to a region starling 26 bases downstream of die TGA Stop 
codon of the gene: 5'-GCCACGG<XCiQATCCTTCTGACG-3'. 
PCR amplification was performed usiag Vent DNA polymerase 
(New England Biolabs) and the buffer provided by the manufac- 
turer in the presence of 200 mM deoxynucleoside triphosphate, 
0.2 uM of each primer, 1 ug linearized pZYB2, and 2.5 U en- 
zyme in a final volume of 100 pi for 30 cycles with a thermal 
cycler. The first cycle consisted of 3 min of denaruration at 
95°C. 2 min of annealing at G0°C, and 2 min of extension at 
72 °C. The second and subsequent 28 cycles had a denaruration 
slepof2 min and 1.5 min, respectively. The t.4-kb PCR product 
was purified, digested with Ndei and 8am\M and ligateci into 
pET3C to produce the plasmid pZYB3 (comprised of pET3C 
and the 1 .4-kb fvVM - BamHl 5. eollinus DNA fragment carrying 
the crotonyl-CoA reductase gene). This plasmid was used to 
transform R. coli BL2l(DE3) and a single colony was selected 
for preparative production and subsequent purifiealion of the en- 
Expression of crotonyl-CoA reductase by E. coli 
BL21(DE3)/pZYB3. E. cnli BL2l(DF.3)/pZYB3 was grown at 
37 °C in Luria-Bentani medium containing ampicillin (lOOng/ 
ml). When the cells reached an Aim «, of approximately 0.5 they 
were induced by addition of isopropyl yj-D-thiogalactopyrani- 
sode lo a final concentration of 0.5 mM and grown for a further 
3 h (Studier et al., 1990). 

Purification of Ihe overexpressed cmtnnyl-CoA reduc- 
tase. Cells obtained from a 3-h induction of two 1-1 fermenta- 
tions of E. coli BL21(DE3)/pZYB3 were pelleted by centifuga- 
tion at 6000 a> for 10 min. The cells were lysed in buffer B (con- 
taining 50 mM Tris/HCI and 10%, mass/vol., sucrose al pH 8.0) 
with lysozyme (2 mg) in the presence of 0.1 % Brij-58 for 
30 min al 0°C. After centrifugation at 25000x# for 1 h the re- 
sulting cell-free extract (40 ml) was loaded onto a DEAE-cellu- 
lose column (5,5X15 cm) which had been equilibrated with 
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enzyme activity is the amount catalysing the oxidation 
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buffer A. The column was washed with buffet A (200 ml) and 
developed using a 600-ml linear gradient of 0-1 M KCI in 
buffer A. Crotonyl-CoA reductase activity eluted in a peak be- 
tween 150-300 mM KCI. The fractions containing the highest 
activity were combined (38 ml] and divided into two 19-ml ali- 
qiiots. Each aliquot (19 ml) was made up to 40% ammonium 
sulfate saturation over a 30-min period and loaded onto a Phar- 
macia phcnyl-Supeiose HR 5/5 column. The column was 
washed with buffer A (10 ml) containing 40% ammonium sul 
fute saturation. Protein was eluted using a 90-ml linear gradient 
of 40-20% ammonium sulfate saturation in buffer A at a flow 
rate of 0.15rm7min. The enzyme cluted in a peak centered 
around 28% ammonium sulfate saturation. All active fractions 
were combined (4 ml), diluted to 50 ml with buffer A and re- 
duced in volume to 12 ml by ultrafiltration through an Ainicon 
PM10 membrane. This protein solution was loaded onto a Phar- 
macia Mono Q HR 5/5 column and the column was washed with 
10 ml buffer A. The purified crotonyl-CoA reductase activity 
eluted in the column wash. 



RESULTS 

Purification and preliminary characterization of crotonyl- 
CoA reductase from 5. collinus. Crotonyl-CoA reductase activ- 
ity was present in 5. collinim cells harvested after 24 h of culti- 
vation. The enzyme was purified to near homogeneity (Table 1) 
in six chromatographic steps. Accurate determination of enzyme 
activity in the early steps of the purification was hampered by a 
thioesternse that efficiently hydrolyzcd the tbioester bond of 
both crotonyl-CoA and butyryl-CoA. Bnzymc activity was in- 
hibited by ammonium sulfate; however, this inhibition was over- 
come by addition of 10 jruM guanidine. The requirement for gua- 
nidine appeared specific for isolation of the enzyme from S. col- 
linus, since ammonium sulfate inactivation was not observed 
when the enzyme was purified following overexpression in £ 
coli. 

SDS/PAGE of the purified crotonyl-CoA reductase revealed 
a major band corresponding to a molecular m;iss of 48 kDa. Gel 
exclusion chromatography on a Supcrose 12 column demon- 
strated a molecular mass of 91 ±8 kDa indicating that crotonyl- 
CoA reductase is most likely a homndimer. The crotonyl-CoA 
reductase was unable to convert bulyryJ-CoA to crotonyl-CoA 
in the presence of NADP under standard assay conditions. The 
enzyme was shown to be most active at 40°C (at this temper- 
ature the enzyme retained 47% of its activity after 30 rain) and 
to have a pH optimum of 6.5. 

Cofactor specificity. NADPH was the sole electron donor for 
the reduction catalyzed by crotonyl-CoA reductase. Incubation 
of the enzyme with NADH resulted in no observable activity. 



The JC„ value for KADPH was determined to be 15 ± 5 uM, as 
calculated from three Eadie-Hofstee plots (Eadie, 1942; Hofstee, 
1959) at crotonyl-CoA concentrations of 50, 100. and 150 uM.' 
Concentrations of NADPH above 200 pM led to inhibition of 
enzyme activity. The enzyme activity was also inhibited by 
NADP, with a K, of approximately 630 uM, calculated from two 
double-reciprocal plots with NADP concentrations of 100 uJvl 
and 150 uM. No significant activation or inhibition of the activ- 
ity of crotonyl-CoA reductase was observed upon addition of 
cither flavin adenine dinuclcolide (1 8 and 72 uM) or flavin mo- 
nonucleotide (13 and 130 uM). This observation and the lack of 
any spectrophotometric properties in the visible range suggest 
that the enzyme does not require a flavin prosthetic group, 

Substrate spcclficitv. The enzyme exhibited a high substrate 
specificity for crotonyl-CoA, a short-chain-length (C.) enoyi- 
CoA compound. No measurable activity was observed with the 
shoner-chain-lerigfh (C,) enoyl-CoA thioester, acryloyi-CoA. 
SltpJlarly, medium- or '.ar.ger-chsis-lcr.gth er.oyJ-CoA thioesiers 
(rran.T-2-penienoyl-CoA, trani-hexcnoyl-CoA, /rans^-octenoyl- 
CoA, frnnj-2-dodecenoyl-CoA, trarts-2-hexadecenoyI-CoA). at 
concentrations of 200 pM. did not react measurably with the 
enzyme (rate observed was less than 1 % of that observed using 
crotonyl-CoA as the substrate). The enzyme was unable to re- 
duce either the //-ocetylcysteamine or the pantetheine Ulioester 
of crotonic acid. The K„ value determined for crotonyl-CoA was 
!R±4uM as calculated from three Eadie-Hofstee plots (Eadie, 
1942; Hofstee, 1959) at NADPH concentrations of 23 uM 
46 pM, 184 pM. 

inhibilion by divalent cations und thiol group reagents. A 

5-min incubation of the enzyme with various divalent cations 
(1 mM), prior to addition of substrate and NADPH. led to signif- 
icant inhibition (MgCl,, 30% inhibition: CoCl,, 100%; ZnCl, 
55%; MnCl a , 100%; and CaCK, 100%). These cations wore 
considerably less effective as inhibitors if they were added at 
the same lime as the NADPH and substrate. 

A 30-min incubation of crotonyl-CoA reductase with the 
thiol group inhibitor /3-chloromcrcuribenzoate at a concentration 
of 8 pM led to approximately 85 % inhibition of enzyme activity. 
Addition of either crotonyl-CoA or NADPH to this incubation 
afforded virtually complete inhibition protection. lodoacetamide 
and N-ethylmaleamide (1 mM) were also shown to be inhibitor* 
ii> crotonyl-CoA reductase activity (40% and 80% inhibition re- 
spectively). 

Inhibition by CM thioesters of straight-chain fatty acids. As 
shown in Table 2, incubation of the enzyme in the presence of 
CoA thioesters containing 12-20 carbon atoms resulted in inhi- 
bition of enzyme activity. The greatest degree of inhibition was 
observed in the presence of palmitoyl-CoA and myristoyl-CoA. 
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--itartstltHrvttpsirsinilrlqjtaaipktqkgvilyenkgnlhyKDIPVPEPKI'NIILIKVKYSGV 
— narltjarsivaplrkgafgslrclicsvpetqJtgvlfyeng^leylCDlpvPKPKPNIILINVKYSGV 
matgqVlmiavivfiifggpevlkltSCIWPIPKDHQVXjIKVHACCV 

natriefh^ggpevlexvEETPADPAENKipVENKAI 



CCR jiynsvwtaifopvstfaf larygklipltlirhdlpyhi 3G£ELASWl.OTGPCVNf.WQPGDewaiicl3velespdghdd 160 

ADH3-Sce cKtdlhavrtigdwplpvUplv GCHEGAOVVVXLCSHVKGWKVCDlagitvflligscmtCef cea 133 

XOK-Kb* chtdlhawkjdwplptlclplv GOHEGAaVWAMOENVXG»IICBf «gita»lng=cin3ceycel 132 

OOR-Haa npvetyirsgtyarkpllpyt PKSDVAGVlEAVGDmJAFKKGDrvf tss 97 

QOR-Eco ginfidtyirsglypppslpag LCTKAAGIVSXVGSGVXHIKMSDrvyya, S9 



CCR tRU.dpeqrivg£e-THr^l*AEIALVKTNQI^PKPKHLTVEEAAAPGLVNSTAYR0LvarNGAA>0t(XJSWVLrW(SX5(S<SL 539 

ADH3-5C* gheancpdadlagyTHD<;srQQFAI>I3AJCA?J<IQQGTDIAEV\PILCAGVrvyKAL KhMUKAGDWVXISQXAaOL 210 

ADH-Kma aneancpdaaIagyTHDGSrCQ?RTAI)AVOAM?IEKGTDIAEV»kPTLCAGVrv)rHAIj KSAMUCAaDWVAISGAAGGI, 209 

OOR-Hsa " TIS<KYXEVALX>JDHTVyKLPEKlDFKQGAAIGIPYFTATBALi--HSACVXAt3E5VLVHGASGGV 1«1 

QOR-Eco SAl^YSSVHWIIADKWUISJ^IsrECJOkASFT,^ 153 



CCR GSyATQFAI^X^3AWPICWS5PQKAEICRSHGA£AIlDRTiaegy)cCwkdehtqdp]cewkrf gKRIRELTGGEDlDIVFEH 319 

ADM-See OSLAVaYJ.TAM«YRVlalIlAGEEK£Kt,PKKLOGEVr3Drtltt)cMlw SDIOEXTKOGPHGVINVS 27fl 

ADH-Kaw GSLAVQYXKXMGYRWOI DGGEERGKLVKQLOGEAFVDFtktkdBW AEIOEITNGGPHGVINVS 273 

QOR-Hs* GIAACQIAiaYGLKILCTAGTEEG0KIULOhK!AimVF«Hrevnyl DKIKXYVGEXGIDII IBM 224 

QOK-ECO GL IACQVAKALGAXL I GT VGTAOKAQSAJjKAGAWQVI NYreedlv ERiKEHGOKKVRWYDS 216 



PGBETrcASVyvTRK<OTI7rrCAStagytnhtydnj:ylM 1 slkriig5hranyi«ayoii.rliakgXihpClaXcy3lceC 393 

VSEAAISlSTEYVRPCCTVVlVGLpanayvki.cvfahvvkainikgayYgnir.dtrcaldffsrgllkapikivglaelp 3S4 

VSFJlAMHASTQFVRlrrGTVVXVGLpagavik5evfahvvksi.rilkgayvgnradtreaintfanghvhspl.ItVYglailp 353 

IJtmrtn.SKnlSLlSHGORVIWGSrgtieinprdttwke!jiIgvtlfa3tkeefqqyaaalqagneigwlkpvigaqyp 304 

VGRiqWKR5XDCL0HESLMV£PGK a3gavligvTilqilnqkgjJ.yYtrpalqgyittretltea3iitlfalia3gvikvdv 296 



Fig. 2. Multiple aHgnmsnt of the crotonyl-CoA reductase with three members or the quinone oxidorcductase superfamily. Multiple sequences 
alignments were performed with the MACAW program (Schuler et al., 1989). Abbreviations used are as follows: ADH3. alcohol dehydrogenase 3 

rs, !•!!): ADK-Ktt: h a. ^ "„ 

1991); QOR-Hsa, human C-crystalliu quinone reductase (Gonzalez et al., 1993); QOR-Eco, quinone oxidoreduciase of £. coli (Blalmer el al., 1993)! 
Amino acids within the seven blocks of telaled sequences are indicated in capital letters. Residues identical in lour or more of the sequences are 
indicated in bold face. Dashes indicate gaps introduced to maximize alignment. The GxGxxAxxxA NADPfH) binding motif of some dehvdroeenase 
is located in block D (Scruttou et al., 1990; Wicrcnga et al., 1 98«). 




Table 2, Inhibition of crotoayl-CoA reductase activity by straight- 
chain and branched-chaln fatty add thloeslers. Experiments were 
conducted with 200 uM crotonyl-CoA and 100 uM fatty acid thioestei'. 
with the exception of the isopalmitoyl-CoA and isomyristoyl-CoA ex- 
periments {125 uM crotonyl-CoA and 50 uM fatty acid thioester). Long- 
chain acyl-CoA compounds were incubated with the enzyme for 2 min 
prior to addition of crotonyl-CoA. Enzyme activity was assayed spectro- 
pbotometrically by monitoring the decrease in absorbance at 340 nm. 



Fatty acid thioester Activity relative to coutrol 



Lauroyl-CoA (12:0) 


1 

0.75 


Myristoyl-CoA(14:0) 


0.36 


PaImitoyl-CoA(16:0) 


0.24 


Stearoyl-CoA (18:0) 


0.92 


Arachidoyl-CoA (20:0) 


0.86 


Isomyristoyl-CoA (14:0) 


0.78 


Isopalmitoyl-CoA (16:0) 


0.95 



the major slraight-chain fatty acids produced by S. collinus. The 
branched-chain fatty acids, isopalmitoyl-CoA and isomyristoyl- 
CoA at a concentration of 50 uM, were less effective inhibitors 
of the crotonyl-CoA reductase, PaJmitoyl-CoA inhibited croto- 
nyl-CoA reductase with a K, of 9.5 ±6 fiM (as calculated from 



double-reciprocal plots at palmitoyl-CoA concerttralions of 
20 |iM and 35 uM). The K t value determined for myristoyl-CoA 
was 17±5 u.M (using myristoyl-CuA concentrations of 35 uM 
ond 50 uM). In contrast, Af, values in the range of 05 inM were 
determined for isopalmitoyl-CoA and isomyristoyl-CoA using 
Ihe overexpressed protein (described below). Crolonyl-CoA re- 
ductase activity was slightly inhibited by the reaction product 
butyryl-CoA with a K, of 0.9 mM (as calculated from a double- 
recipn>cal plot with a butyryl-CoA concentration of 400 jiM). 

Peptide sequence. The following high-confidence N-termi- 
nal sequence was obtained for crotonyl-CoA reductase: Thr-VaJ- 
Lys-Asp-Tle-Leu-Asp-AJa-Ile-Gln-Ser-Lys-Asp-AJa-Thr-Ser- 
Ala-Asp-Phc-Ala. 

Molecular cloning and sequencing of the crotonyl-CoA re- 
ductase gene. A nondegenerate 60-basc oligonucleotide probe 
was designed and synthesized based on the N-lerrninal peptide 
sequence of crotonyl-CoA reductase. This oligonucleotide probe 
was labeled with "P and used to identify a single 6.9-kb BamH\ 
fragment of 5', collinus genomic DNA, A partial genomic library 
was made by ligating si7* fractioned FamHI-digested S. collinus 
DNA (5-8 kb) into pUC18 and using the constructs to trans- 
form £. coll DH5or. Colony hybridization and screening with the 
60-base oligonucleotide probe led to the isolation of a single 
clone harboring a plasmid (pZYB2) with a 6.9-kb insert which 
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Table 3. Purification or (he recombinant crolonyl-CoA reductase. 1 unit <U) of enzyme aclivity is defined ss the amount catalyzing the oxidation 
of t umol NADPIl/min. 



Chromatographic step Volume Protein Total activity Specific activity Purification 



30 000 
26 300 
18 800 
12 600 



65. 0 
42.7 ■ 
40.0 • 



14.4 



Fie- 3 - SDS/PAGE of the purification of «he recombinant crntnnyl- 
CoA reductase ft-ora.fi. coli BL2HDE3). Lanes: (a) protein molecular 
mass standards [phosphorylase h (97.4 kDi), bo-vine serum albumin 
(66.2 kDa), slulamale dehydrogtnase (55.0 kDo). ovalbumin (42.7 kDa), 
aldolise (40.0 kDa), carbonic anhydrase (31 .0 kDa), soybean trypsin in- 
hibitor (21. IDa), and lysozyme (14.4 kDa)) ; (b) DEAH-cellulosc pool; 
(0 phenyl-Supcrose pool; (d) Mnno-Q pool. 



hybridized strongly to the probe DNA in Southern Wots. A 1.5- 
kb downstream region, and a 200-basc upstream region, adjacent 
to the sequence which hybridized to the 60-base oligonucleotide 
probe was sequenced. 

Analysis of this sequence information revealed an ORF 
(open, reading frame) of 1344 bp. con-espanding to 448 amino 
acids and a predicted molecular mass of 49.4 kDa. Analysis of 
the DNA sequence within this ORF using the CodonPrefcrence 
program demonstrated that il conformed to the established pat- 
terns of G+C bias and preferred codon usage for open reading 
frames in Slrcptomyc.es (Wright and Bibb, 1992: Bibb et al., 
1984). The deduced amino acid sequence includes the pre- 
viously determined N-teraiiual peptide sequence obtained for 
crotonyl-CoA. The ORF initiates with a GTG start codon and is 
located seven nucleotides downstream of a putatrve Strepiomy- 
ces ribosomal binding site with the sequence GGAGG, cojriplc- 
mentary to the sequence at the 3'-terminus of the 16S rRNA of 
S. lividons (Bibb and Cohen, 1982; Hopwood et al., 1986). 

Sequence analysis of crotonyl-CoA reductase. Comparison, of 
the deduced amino acid sequence of crotunyt-CoA reductase 
against the protein database revealed siatistically significant 
(P< 10"") similarities with members of the quinone oxidoreduc- 
tase superfamily, also known as lens crysiallias in certain mam- 
mals. Examples of this class of sequences bearing significant 
similarity to crotonyl-CoA reductase include E coli quinone ox- 
idoreductase (Blatroef et al, 1993) (P = 1.5x 10""), alcohol de- 
hydrogenases of the yeast Kluyveromyces factis (Saliola ct al.. 



1991) (P = 1.9X10-'"), and human C-crystallin (Gonzalez et al., 
1993) (P = 2.2X10-"). A multiple alignment of these se- 
quences shows five dispersed blocks of high similarity (labeled 
A-E in Fig. 2) rather than a global relationship. Block A has 
the lowest significance (/> = 3.6X1 0""), but the significance of 
the remaining four blocks is extremely high {P = 10 *")• The 
highly conserved MADP(H) concensus binding motif of 
GXGXXAXXXA (Hanukoglu and Gutfmger, 1989; Scrutton et 
al., 1990; Wierenga et al., 19x6) was found in block D. The 
deduced amino acid sequence of the ccr product showed the 
strongest similarity, localized in these same short blocks, to the 
products of two putative open reading frames, ORF2 (P = 
2.1X I0-" 1 ) and ORF4 (P = 2.9X10 "), of the actVi gene clus- 
ter of Strcptomyces coelicalor (Fernandez-Moreno et al., 1994), 
Significant, but less striking, similarity of crotonyl-CoA reduc- 
tase with enoyJ-thioesler reductases involved in 6-deuxyerythro- 
nolide B (P = 6.2X10" 7 ) (Donadio et al., 1993) and fatty acid 
synthesis [P = 4.0X10"') (Chang and Hammcs, 1989; Holzer 
ct a! , 1989; Yean c! ?±. 1988) was also obsErved, centered 
around the NAD(P)H concensus binding motif. 

Expression of the crotonyl-CoA reductase in E. coli. Confir- 
mation of the identity of the isolated gene was obtained by ex- 
pression of the putative crotonyl-CoA reductase in £. coli. PCR 
was used to amplify the entire crotonyl-CoA reductase gene and 
to introduce concomitantly an Ndel restriction site at the ATG 
start codon and a SamHl site downstream from the TGA stop 
codon. The PCR product of the predicted size (1.4 kb) was li- 
gated into a transient expression vector pET3C, such that it was 
under the control of a bacteriophage T7 RNA polymerase pro- 
moter (Studier et al., 1990). The resulting construct, pZYB3 was 
used to transform E coli BL21(DE3). SDS/PAGE analysis of a 
cell-free extract generated from the resulting E coli BL2'l(DE3y 
pZYB3 taken 3 h after induction with 0.5 mM isopropyl thioga- 
lactoside revealed an intense band for a 48.0-kDa protein which 
was absent from extracts of a control culture of E coli 
BL2KDE3). This crude cell-free extract of E. coli BL21(DE3V 
p7.YB3 was shown to possess an approximate specific aclivity 
of crotonyl-CoA reductase of 333 mU/mg protein (Table. 3). 
Cell-free extracts of S. collinus. by contrast, exhibit a specific 
activity of crotonyl-CoA reductase of only 0.91 mU/mg protein. 
No measurable aclivity could be obtained with cell-free extracts 
of E coli BL2I(DE3) nol carrying pZYB3. 

Purification and preliminary characterization of the recom- 
binant crolonyl-CoA reductase. A cell-free extract was gener- 
ated from a 1-1 fermentation of E coli BL21(DE3Vp2YB3. 3 h 
after induction. The recombinant crotonyl-CoA reductase was 
subsequently purified approximately tenfold in three chromato- 
graphic steps (Tabic 2) to a final specific activity of 3316 mil/ 
mg. An SDS/PAGE analysis of the purified enzyme revealed a 
single major band with a predicted molecular mass of 48.0 kDa 
(Fig. 3). The native protein size determined by analysis of the 
protein on Superose 12 was 85.0 ± 10.0 kDa, indicating a homo- 
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